Acute total sleep deprivation (SD) impairs memory consolidation, attention, working memory and perception. Structural, electrophysiological and molecular experimental approaches provided evidences for the involvement of sleep in synaptic functions. Despite the wide scientific interest on the effects of sleep on the synapse, there is a lack of systematic investigation of sleep-related changes in the synaptic proteome. We isolated parietal cortical and thalamic synaptosomes of rats after 8 h of total SD by gentle handling and 16 h after the end of deprivation to investigate the short-and longer-term effects of SD on the synaptic proteome, respectively. The SD efficiency was verified by electrophysiology. Protein abundance alterations of the synaptosomes were analyzed by fluorescent two-dimensional differential gel electrophoresis and by tandem mass spectrometry. As several altered proteins were found to be involved in synaptic strength regulation, our data can support the synaptic homeostasis hypothesis function of sleep and highlight the long-term influence of SD after the recovery sleep period, mostly on cortical synapses. Furthermore, the large-scale and brain area-specific protein network change in the synapses may support both ideas of sleep-related synaptogenesis and molecular maintenance and reorganization in normal rat brain.
Introduction
The idea that sleep contributes to maintain normal brain functions as memory formation and behavior has been developed several decades ago (Bloch et al., 1977 (Bloch et al., , 1979 Blissitt, 2001; Dang-Vu et al., 2006) . It is supported by the facts that the majority of brain disorders are accompanied by sleep disturbances (Reynolds et al., 1988; Vitiello et al., 1990 Vitiello et al., , 1991 Starkstein et al., 1991; Wiegand et al., 1991; Donnet et al., 1992; Baker and Richdale, 2015; Murphy and Peterson, 2015) and sleep deprivation causes memory impairment (Youngblood et al., 1997; Ishikawa et al., 2006) , perception (Goel et al., 2005; Lei et al., 2015) and mood (Short and Louca, 2015) deficits.
Recently, two dominant ideas are formed concerning the general function of sleep, focusing mainly on the synapses. The synaptic homeostasis hypothesis Cirelli, 2003, 2006) suggests that sleep is necessary to decrease the enhanced synaptic strength that gradually develops during wakefulness to maintain the optimal balance between flexibility and rigidity in synapses which is crucial for normal brain function. This hypothesis predicted and partly proved the weakening of synaptic connection strength during sleep particularly in the cerebral cortex (Watson and Buzsáki, 2015) . The synaptic homeostasis hypothesis emphasizes that the continuous molecular adjustment of the synapses during the active period makes them rigid through a "saturation" of the synaptic strength, therefore, decreases the ability of learning novel information. Thus, sleep reduces synaptic strength in general (Tononi Molecular and Cellular Neuroscience 79 (2017) [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] Abbreviations: 2D-DIGE, two-dimensional differential gel electrophoresis; EEG, electroencephalogram; EMG, electromyogram; FFT, Fast Fourier transform; MS/MS, tandem mass spectrometry; LTP, long-term potentiation; RS, recovery sleep; RS, experiment 2: the brains of rats were removed 16 h after the end of deprivation; SD, sleep deprivation; SD, experiment 1: the brains of rats were removed after 8 h of total sleep deprivation performed by gentle handling. and Cirelli, 2014) . Another theory assumes the formation of novel dendritic spines, and in turn, synapses during slow-wave sleep, suggesting long-term memory inscription via development of novel synapses during sleep (Yang et al., 2014) . The hypothesis of enhanced synaptogenesis during sleep points out that long-term memory trace consolidation is an important function of sleep and it is based on the genesis of novel dendritic spines and synapses (Matsuzaki et al., 2004) to change the neuronal connectome (Chow et al., 2013; Picchioni et al., 2013) . While the synaptic homeostasis theory attempts to explain the restoration of "printability" of synapses, the intensive learning-induced, sleepdependent synaptogenesis hypothesis suggests a mechanism which underlies the consolidation of long-term memory traces into the neuronal connectome. Both ideas are based on the fact that long-term memory traces require the ability of generating novel synapses and fundamental maintenance of flexibility in the protein composition of existing synapses (Trachtenberg et al., 2002; Klann and Sweatt, 2008) .
Synaptogenesis and adjustment of synaptic strength are the results of molecular changes in synapses due to de novo protein synthesis (Martin et al., 2000) and/or incorporation of trafficking proteins into the synapse (Rumpel et al., 2005) during the memory consolidation process. As a model of synaptic plasticity induced by strong stimuli, long-term potentiation (LTP) is a good tool for studying molecular changes in synapses (Abraham and Otani, 1991; Sweatt, 1999) . A fast imprinting into the synapse mediated by e.g., short-term kinase activity and protein trafficking is the major mechanism of early-phase LTP, lasting from a few seconds up to several hours after stimulation onset (Huang, 1998) . The synaptogenesis and synaptic size increase were shown in the late phase of LTP (Tominaga-Yoshino et al., 2008) . Most importantly, LTP is affected by sleep and sleep deprivation (McDermott et al., 2003; Blanco et al., 2015) . These results further strengthen the idea that some sort of molecular maintenance and reorganization in synapses in conjunction with memory consolidation and recovery of learning capabilities are major functions of sleep.
There are several molecular changes in sleep and sleep deprivation uncovered by measuring mRNA level changes (Cirelli and Tononi, 1998; Cirelli et al., 2006; Terao et al., 2003a Terao et al., , 2003b Mackiewicz et al., 2007; Jones et al., 2008; Vecsey et al., 2012) and also some protein level alterations have been revealed (Basheer et al., 2005; Pawlyk et al., 2007; Poirrier et al., 2008) . However, focused high-throughput examination of the synaptic proteome is still lacking. The synaptic proteome contains more than 1,000 known proteins, but this number can be higher, since the available literature provides very different numbers of synaptic proteins probably due to the methodological heterogeneity in the field of proteomics (see http://www.synprot.de) (Pielot et al., 2012) . Moreover, the majority of the synaptic proteins are also crucial in other cellular compartments of the neurons. Synapses are supplied by proteins from the local protein synthesis (Martin et al., 2000) and also by selection of proteins from axonal and dendritic protein trafficking systems (Vallee and Bloom, 1991) . Interestingly, a general increase in the brain tissue protein synthesis has been revealed during sleep (Ramm and Smith, 1990; Nakanishi et al., 1997) but the data are not specific for the synaptic proteome.
The changes specific to the synaptic protein network underlying the sleep-related adjustment of synaptic strength are poorly understood. In this study, we performed a parietal cortical and thalamic synaptosome proteomic study of rats. The parietal cortex receives inputs from the thalamus which is necessary for genesis of synchronous sleep-related activity in the cortex as extensively studied by Steriade and others (for review, see Steriade and Llinás, 1988) . It is also known that the detrimental effects of sleep deprivation are particularly pronounced in the thalamus and parietal cortex (among other cortical structures) (Chee and Choo, 2004; Chee et al., 2006) . Therefore, the proteomics study was conducted on samples of thalamo-cortical cross-linked areas of the brain highly sensitive to sleep deprivation. Surprisingly, sleep deprivation inversely affects the activation-state of thalamus and the parietal cortex (Tomasi et al., 2009) , emphasizing the importance of separately assessing molecular changes in these brain areas. The proteomic changes were characterized in both brain areas after 8 h of total sleep deprivation (SD) and 16 h after the end of deprivation, when recovery sleep (RS) of sleep deprived animals took place. This experimental design enabled monitoring the effects of SD and RS on the synaptic proteome in relevant brain areas.
Materials and methods

Animals
Adult male Sprague-Dawley rats (4 months old, weighing 350-400 g; Charles River Laboratories, Hungary) were used (n = 24 for proteomic experiment, n = 6 for electron microscopy and sleep deprivation validation). Animals were housed under standard laboratory conditions (lights on at 9:00 AM, lights off at 9:00 PM), with free access to water and food. The care and treatment of all animals were in conform to Council Directive 86/609/EEC, the Hungarian Act of Animal Care and Experimentation (1998, XXVIII), and local regulations for the care and use of animals in research. All efforts were taken to minimize the animals' pain and suffering and to reduce the number of animals used.
Experimental paradigm
Sleep deprivation started at 9:00 AM (lights on) and lasted 8 h long until 5:00 PM. In the SD experiment, brains of sleep deprived (n = 6) and control (n = 6) rats were removed right after the ending of the deprivation. In the RS experiment, brains of sleep deprived (n = 6) and undisturbed, control (n = 6) rats were removed 16 h after finishing the deprivation, at 9:00 AM, on the next day. For the experimental paradigm, see Fig. 1 .
Sleep deprivation procedure and estimation of its effectivity by EEG and EMG
Sleep deprivation was carried out using the gentle handling method which is the least stressful method of total sleep deprivation (Ledoux et al., 1996; Rechtschaffen et al., 1999; Fenzl et al., 2007) .
For electroencephalogram (EEG) recordings, rats were implanted with stainless steel screw electrodes (0.8 mm o.d.) and with teflon-coated, stainless steel multiwire muscle electrodes for electromyogram (EMG) recordings. Animals were anesthetized with 1% (v/v) isoflurane. The screw electrodes were implanted into the skull, bilaterally above the occipital, parietal and frontal cortices. Ground and reference electrodes were placed above the cerebellar cortex. The electrodes were fixed on the skull using dentacrylate cement, and were soldered to ten-pin sockets. Sleep deprivation and polygraphic recordings were performed after one week recovery period.
EEG and EMG were recorded by a Grass Model 8B (Grass Instrument Company) electroencephalograph attached to a CED 1401 mkII data capture and analysis device, using Spike 2 software (Cambridge Electronic Design Limited). The bandwidth of the EEG recording was 0.5-70 Hz and 5-300 Hz for the EMG recording. Signals were digitalized at 500 Hz sampling rate for EEG and at 900 Hz for EMG. Power density analysis was performed using Fast Fourier transform (FFT size 8192, Hanning window) in Spike 2. Somnograms were produced by sleep scoring that was made in 30 s epochs by a script provided by Cambridge Electronic Design Limited for the Spike 2 software ("RatSleepAuto" script; Costa-Miserachs et al., 2003) .
Synaptosome preparation
Synaptosome isolation was performed immediately after the brain removal. Quickly removed brains were placed into ice-cold artificial cerebrospinal fluid and brain structures were dissected on a dry ice-cooled plate. Subsequently, parietal cortices and thalami were removed. From the cerebral cortices, cortical white matter was separated and the gray matter was further processed.
Synaptosome fractionation was carried out strictly following the protocol published by Bajor et al. (2012) . In brief, brain samples were placed into homogenization buffer (320 mM sucrose, 5 mM HEPES, 1 mM MgCl 2 , pH 7.4) supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich) and homogenized with a Dounce Tissue Grinder manually (40 strokes per sample; Sigma-Aldrich) at 4°C with pre-cooled equipment. After homogenization, samples were centrifuged at 4°C with 1000 ×g for 10 min, the supernatant was gravity filtered through a 5 μm pore-size PVDF membrane (Merck Millipore) and centrifuged at 4°C with 12,000 ×g for 30 min. The pelleted synaptosomes purified for electron microscopy examinations were immediately processed as described in Section 2.5, while proteins of the samples obtained for the proteomics study were precipitated with acetone overnight at −20°C. The protein pellet was resuspended in lysis buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 20 mM Tris, 5 mM magnesium-acetate) and stored at −80°C.
Electron microscopy
The synaptosome samples were fixed in 2% formaldehyde (freshly depolymerized from paraformaldehyde), 1% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 for 30 min at room temperature (RT). After extensive washing, samples were postfixed in 0.25% osmium tetroxide, 0.4% potassium hexacyanoferrate for 60 min, and en bloc stained with aqueous uranyl acetate for 30 min. Subseqently, synaptosome samples were dehydrated and embedded in LR White resin (Sigma-Aldrich) according to the manufacturer's instructions. Ultrathin sections (70 nm) were collected on 400 mesh copper grids (Sigma-Aldrich) and stained with half saturated aqueous uranyl acetate for 10 min, and lead citrate for 30 s. The grids were examined with a JEM-1011 electron microscope (JEOL) operating at 60 kV. Images were acquired and processed with an 11 megapixel Olympus Morada camera with iTEM software (Olympus Corporation). The images were taken from different mesh along a longitudinal band to cover the entire width of the specimen.
Two-dimensional differential in-gel electrophoresis (2D-DIGE)
In the proteomics experiment, we compared SD with Control1 and RS with Control2 cortical and thalamic groups separately (4 independent experiments were conducted). The applied protocol was described previously by Szegő et al. (2010) . Briefly, pH of the samples was adjusted to 8.5 and the protein concentration was determined. Samples of 50 μg protein content were labeled with CyDye DIGE Fluor Minimal Labeling Kit, according to the manufacturer's instructions (GE Healthcare).
Control and sleep deprivation samples were labeled with Cy3 and Cy5 randomly, and a pooled sample, serving as internal standard, was labeled with Cy2. After mixing the labeled samples, isoelectric focusing buffer was added, and the dry strips were rehydrated overnight at room temperature. Isoelectric focusing was performed for 24 h to attain a total of 80 kVh. After isoelectric focusing, the proteins were reduced and carbamidomethylated in equilibrating buffer and the strips were placed onto the top of 10% polyacrylamide gels (24 × 20 cm) casted in the laboratory. Running was conducted using an Ettan DALT System (GE Healthcare) at 2 W/gel for 1 h and at 12 W/gel for 3 h. Finally, gels were scanned with a TyphoonTRIO + scanner (GE Healthcare) and analyzed with DeCyder 2D 7.0 software package (GE Healthcare). Protein spots with significant difference between control and sleep deprivation samples (independent Student's t-test, p b 0.05) and with higher than ±1.1-fold changes were selected. For protein identification, a preparative gel containing 800 μg protein was run and stained with Colloidal Coomassie Blue G-250 (Merck Millipore). The spots of interest were manually excised from the preparative gel and stored in 0.5% (v/v) acetic acid solution until the mass spectrometry analysis.
Protein identification by mass spectrometry and functional classification
Proteins from the excised spots were digested with trypsin using the in-gel digestion protocol without reduction and alkylation of cysteins, as described previously (Szabó et al., 2012) . Digested protein samples were analyzed on a Waters NanoAcquity UPLC system coupled with a Micromass Q-TOF premier mass spectrometer (Waters Corporation). Five μL of samples were full-loop injected, and initially transferred with an A eluent to the precolumn at a flow rate of 10 μL/min for 1 min. The column was eluted with a linear gradient of 3-10% B over 0-1 min, 10-30% B over 1-20 min, 30-100% B over 20-21 min, the composition was maintained 100% B for 1 min and then returned to 3% for 1 min. The column was re-equilibrated at initial conditions for 22 min. Mobile phase A was 0.1% formic acid in water, while mobile phase B was 0.1% formic acid in acetonitrile. A 350 nL/min flow rate was applied on a Waters BEH130 C18 75 μm × 150 mm column with 1.7 μm particle size C18 packing (Waters Corporation). The column was thermostated at 45°C. The mass spectrometer was operated in DDA mode with lockmass correction, with a nominal mass accuracy of 3 ppm. The instrument was operated in positive ion mode, performing full-scan analysis over the m/z range 400-1990 at 1/1 spectra/s for MS and in MS/MS. The source temperature was set at 85°C and nitrogen was used as the desolvation gas (0.5 bar). Capillary voltage and cone voltage were maintained at 3.3 kV and 26 V, respectively.
All acquired data were processed by the WATERS Proteinlynx GlobalServer 2.4 software (Waters Corporation) using default settings. Fig. 1 . The experimental paradigm. Rats assigned to the Sleep deprivation group were sleep deprived for 8 h from 9:00 AM to 5:00 PM while Control 1 rats were left undisturbed during the same period. Animals of both groups were sacrificed and their brains were removed immediately after 5:00 PM. Rats assigned to the Recovery sleep group were sleep deprived for 8 h from 9:00 AM to 5:00 PM, and then they were left undisturbed for the next 16 h, until 9:00 AM on the following day. Control 2 rats were left undisturbed during the whole experiment. Animals of the latter two groups were sacrificed at 9:00 AM on the next day.
Database search was performed using Mascot 2.204 (Matrix Science) which was set up to search the latest Swissprot database assuming the digestion enzyme trypsin, allowing 2 missed cleavage sites. The data were searched with 0.15 Da fragment and 60 ppm parent ion mass tolerances. Oxidation of methionine was specified as a variable, and carbamidomethylation of cysteine as a fixed amino acid modification.
Scaffold v 3.09 (Proteome Software) was used to validate MS/MS based peptide and protein identifications. Peptide and protein identifications were accepted if they could be established at greater than 95.0% probability and proteins contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony, in these cases representatives of grouped accession numbers are listed.
Functional classification of the proteins was carried out via thorough literature mining and using the UniProt protein database (http://www. uniprot.org).
Western blot
Western blot experiments were conducted to validate the synaptosome preparation protocol and our proteomics results. First, protein concentration of samples was determined with 2-D Quant Kit (GE Healthcare). Samples containing equal amounts of proteins were mixed with two-fold concentrated sample buffer (8% (wt/vol) sodium dodecyl sulfate, 3% (wt/vol) dithiothreitol, 24% (vol/vol) glycerol, 0.2% (wt/vol) bromophenol blue, 100 mM Tris-HCl (pH 6.8)) and protein separation was conducted in 10% polyacrylamide gels using Tricine-SDS discontinuous polyacrylamide gel electrophoresis. Subsequently, proteins were transferred onto Hybond-LFP PVDF membranes (GE Healthcare). After blocking of the blots with Tris-buffered saline containing 5% bovine serum albumin, 0.05% Tween-20 for 1 h, membranes were incubated overnight in the blocking buffer with the appropriate primary antibody. For antibody against a well-characterized synaptic marker, we used anti-Psd95 primary antibody (1:1,500 dilution, Thermo Fisher Scientific, catalog number: MA1-046), while anti-Actin antibody (1:1,000 dilution, Abcam, catalog number: ab1801) was used to detect levels of actin as loading control. In order to validate our proteomics data, we used primary antibodies against altered proteins, as follows: anti-Anxa3 (1:800 dilution, Thermo Fisher Scientific, catalog number: PA5-41314), anti-Crmp2 (also known as Dpysl2) (1:5,000 dilution, Abcam, catalog number: ab62661), and anti-Hspa8 (1:500 dilution, Merck Millipore, catalog number: MABE1120). After washing steps, membranes were incubated with appropriate secondary antibodies, as follows: ECL Plex Goat-α-mouse IgG Cy3-and Cy5 (both of them in 1:2,500 dilution; GE Healthcare). Finally, proteins of interest were detected using a TyphoonTRIO+ scanner, while the densitometric analyses were performed with the ImageJ image processing program (http://imagej.nih.gov/ij/; Abramoff et al., 2004) . Densitometric data of Psd95 protein was normalized to the level of actin. In the course of the densitometric evaluation of Anxa3, Dpysl2, and Hspa8 levels, we used densitometric data normalized to the densities of the total protein amounts of the appropriate lanes using Coomassie Brilliant Blue R-250 (Merck Millipore) staining (according to Eaton et al., 2013) . This method was employed because we observed alterations in the level of protein spots of actin in most of our experiments. Statistical analyses were evaluated using independent Student's t-test.
Results
Characterization of the sleep deprivation procedure and the synaptosome fraction
In order to test the applied sleep deprivation method, EEG and EMG recordings were carried out on a group of animals. Somnograms, representative EEG and EMG recordings, complemented with the FFT analysis results of the corresponding EEG data from undisturbed, control, and sleep deprived rats, moreover, from rats during the recovery sleep period are shown in Fig. 2 . Sleep deprivation procedure was performed with the gentle handling method that kept the rats awake almost entirely during the 8 h long recording, since the sleep deprived rats were awake in 97.3 ± 1.2% of the recorded period (mean ± standard deviation, n = 6). Analyzing the polygraphic record of sleep in the different experimental sessions in details also demonstrated that the efficiency of sleep deprivation was appropriate, since very few if any delta activity was recorded in the sleep deprivation group (Fig. 2 , middle panels). Sleep deprived rats were mostly characterized by high power of theta frequency. On the other hand, the recovery sleep period after the sleep deprivation procedure was characterized by more slowwave sleep activity (Fig. 2 , bottom panels) than that of the control animals (Fig. 2 , upper panels), and an increased delta power was found in their power spectra. Altogether, our physiological data confirmed that the applied sleep deprivation method was efficient and recovery sleep was observed.
Our proteomics study was conducted on a synaptosome fraction, the purity of which was accurately validated. First, Western blot analyses demonstrated the prominent enrichment of the synaptic marker protein Psd95 in the synaptosome fraction prepared from the cerebral cortex in comparison with the whole cortical homogenate (Fig. 3A) . Moreover, electron micrographs showed intact synaptosomes, as sealed, synaptic vesicle-filled presynaptic terminals and tightly attached postsynaptic compartments were present (Fig. 3B ).
Widespread proteomic alterations characterize the parietal cortical and thalamic synapses due to sleep deprivation
Gel-based proteomic tools were used to investigate the sleep deprivation-induced short-and longer-term changes in the synaptic proteome of parietal cortices and thalami of rats. A total of~1600-1700 proteins were detected on every single gel. Thirty-two statistically significantly altered spots were detected in the SD experiment from the parietal cortex, and 7 from the thalamus, while the RS experiment revealed 126 and 34 changed spots in the parietal cortex and thalamus, respectively (Figs. 4 and 5; Suppl. Tables 1-4). One hundred and forty-two different proteins were identified altogether with significantly changed amounts in the SD and RS experiments from the cortical and thalamic samples. The SD experiment revealed 53 altered proteins from the parietal cortex and 19 from the thalamus, while the RS experiment showed 95 proteins from the parietal cortex with changed abundances and 28 from the thalamus (see Tables 1-4 and Suppl. Tables 1-4 ). The fold changes of the altered spots were in the ranges of − 1.1 up to − 1.71 and 1.1-1.59 (Fig. 6A-D) . From the 125 different cortical proteins, 24 were found to be influenced by both the short-and long-term effects of sleep deprivation, while from the 45 thalamic proteins, 2 overlapping in the SD and RS experiment were observed.
The identified proteins were clustered according to their cellular functions and assigned to cellular localizations, based on the rigorous analysis of the literature and using the UniProt protein database (see Tables 1-4 and Fig. 6E-H) . The affected cellular functions were as follows: carbohydrate and energy metabolism (SD cortex: 17 proteins, SD thalamus: 2, RS cortex: 26, RS thalamus: 7), amino acid metabolism (SD cortex: 3 proteins, SD thalamus: 1, RS cortex: 2, RS thalamus: 1), lipid metabolism (SD cortex: 1 protein, SD thalamus: 0, RS cortex: 1, RS thalamus: 1), nucleotide metabolism (SD cortex: 2 proteins, SD thalamus: 1, RS cortex: 1, RS thalamus: 0), synaptic transmission (SD cortex: 5 proteins, SD thalamus: 3, RS cortex: 9, RS thalamus: 4), protein synthesis and folding (SD cortex: 10 proteins, SD thalamus: 7, RS cortex: 11, RS thalamus: 4), proteolysis (SD cortex: 0 protein, SD thalamus: 2, RS cortex: 2, RS thalamus: 2), response to oxidative stress (SD cortex: 1 protein, SD thalamus: 0, RS cortex: 9, RS thalamus: 2), cytoskeletal (SD cortex: 8 proteins, SD thalamus: 3, RS cortex: 14, RS thalamus: 2), signal transduction (SD cortex: 1 protein, SD thalamus: 0, RS cortex: 6, RS thalamus: 3) and miscellaneous (SD cortex: 5 proteins, SD thalamus: 0, RS cortex: 14, RS thalamus: 2).
Validation of the proteomics results was conducted using Western blot technique. We have assigned those proteins for validation experiments, the levels of which were showed unidirectional alterations in the proteomics experiments suggesting underlying protein expression changes. In sum, we successfully verified the level changes of selected proteins, i.e., Anxa3, Dpysl2, and Hspa8 (Fig. 7) . On the other hand, no net change in the expression level of Dpysl2 was found in the RS parietal cortex and RS thalamus groups (Suppl. Fig. 1 ), which is in agreement with the observed bidirectional alteration of this protein in the above experiments (Tables 3 and 4 , respectively), that points towards differential post-translational modifications in the background.
Moreover, we collected those proteins which are directly implicated in synaptic functions and plasticity (e.g., synaptic vesicle recycling, dendritic outgrowth and synaptogenesis). According to our results, these proteins comprise the 19%, 26%, 23% and 25% of proteins in the SD parietal cortex, SD thalamus, RS parietal cortex and RS thalamus groups, respectively (Fig. 8) .
Discussion
Limitations and advantages of using synaptosome proteomics and sleep deprivation in sleep research
Results of our high-throughput proteomics study on synaptic protein level changes induced by sleep deprivation uncovered large-scale molecular alterations in the synapse. The extent of synaptic proteome changes suggests that sleep deprivation elicits a widespread but mild molecular reorganization of the synaptic region including even more proteins than expected. The interpretation of the results is limited because the available proteomic techniques can detect only more abundant proteins in a sample (Chevalier, 2010) . Previous sleep-related studies on brain tissue proteome (Basheer et al., 2005; Pawlyk et al., 2007; Poirrier et al., 2008) were not synapse-specific since only a little portion of the brain protein content is synaptic. In addition, several synaptic proteins have wide distribution in other cell compartments and only a fraction of the synaptic proteome is strictly synapse-specific (see http://synprot.de). Therefore, the enrichment of synaptic proteins in the samples was carried out using cell fractionation technique. The applied synaptosome preparation is a good compromise at the actual state of technological development because it can give the widest scope to the synaptic region in its molecular complexity.
Gentle handling was used for sleep deprivation to avoid mixing the effects of sleep deprivation and the stress response. It is widely accepted that gentle handling is the optimal way of total sleep deprivation to minimize stress (Rechtschaffen et al., 1999; Fenzl et al., 2007) ; however, we cannot state that there is no stress at all after few hours of gentle handling. Our model was close to the clinically applied sleep deprivation method for treatment of depression (Giedke and Schwärzler, 2002) , thus, we did not study an extremely severe sleep deprivation that would be very different from the human practice. Therefore, our proteomics data may have some relevance for translational studies as well.
4.2. Differences in the extent of alterations in the synaptic proteome between the parietal cortex and thalamus, moreover, between the SD and RS groups
The neuronal plasticity, learning and cognitive processes extensively use the cerebral cortical synapses during waking. On the other hand, thalamus is a relay structure transmitting information to the cortex in wakefulness and maintains long-loop synchronization via thalamocortico-thalamic neuronal circuits (Steriade, 2006) . These functional differences in information processing were reflected by our proteomics findings. The number of proteins changed in the parietal cortex was Fig. 2 . Representative polygraphic sleep records of the control, sleep deprivation, and recovery sleep period. Left side: at the top, the somnogram is shown (rem -REM sleep, sws -slowwave sleep, aw -awake). The second line is the EEG and the third one is the EMG record. Right side: the total EEG power spectra of all of the three conditions which highlight the increase of delta power due to rebound sleep in the recovery period during the first nocturnal period after sleep deprivation.
higher (SD: 53, RS: 95) than that in the thalamus (SD: 19; RS: 28), suggesting that the higher the plasticity and learning intensity are, the higher the number of affected proteins is influenced by the sleepwake cycle. It is in agreement with the synaptic homeostasis hypothesis of sleep because it suggests that the extent of proteome changes in sleep deprivation is proportional to the intensity of information processing and learning.
To compare the two investigated time points, we can conclude that larger scale changes are prevalent at 16 h after the sleep deprivation than at the end of the deprivation procedure (Fig. 6A-D) , presumably due to the recovery sleep period. On the other hand, this result also suggests that the timing of protein synthesis and degradation is delayed and/or these processes progress after the end of the sleep deprivation. Therefore, our data shows that an unexpectedly long and complex procedure of synaptic proteome adjustment takes place after sleep deprivation, although, we cannot separate the delayed protein synthesis changes induced by sleep deprivation from the long-term effect of the lack of sleep.
The importance of the most abundant functional clusters of SD and RS proteins
Several categories of cellular functions were revealed with numerous proteins representing them. In most of the experimental situations, the majority of significant protein changes were related to carbohydrate and energy metabolism, protein synthesis and folding and the cytoskeletal functional clusters, besides synaptic transmission (Fig. 6) . The enrichment of these general cellular functions suggests that fundamental physiological mechanisms are influenced by sleep deprivation in the synapse.
Sleep serves as a lower energy consuming state, which is demanded after the awake period, characterized as a state with higher metabolic rates (Madsen et al., 1991; Maquet, 1995; Benington and Heller, 1995) ; and synaptic metabolism is a good index of synaptic molecular reorganization in sleep. Consequently, lower ATP levels in sleep deprivation and waking, and higher in sleep and recovery sleep after deprivation have been demonstrated previously (Dworak et al., 2010) . Local metabolic differences between distinct brain areas are known, and the cerebral cortex is one of the regions, which show high fluctuation of metabolic rates throughout the sleep-wake cycle (Braun et al., 1997; Vyazovskiy et al., 2008) . In all experimental situations, remarkable changes in the amount of proteins were unveiled which are involved in the carbohydrate and energy metabolism, however the highest number of changes were found in metabolic proteins in the parietal cortex in RS (n = 26) and in SD (n = 17) (Fig. 6E, G) . Interestingly, most of the thalamic proteins implicated in these functions in RS group showed decreased levels (Table 4) . Altogether, these data are in accordance with the fact that synapses are extremely energy-sensitive cell compartments and assumes that the functional alternation of synapses in sleep-wake cycle is accompanied by changes in synaptic metabolism.
Sleep is suggested to have a considerable influence on the remodeling of the neural cytoskeleton, supported by the observed alterations in the number and morphology of the dendritic spines (Bushey et al., 2011; Maret et al., 2011) . This is in agreement with the fact that sleep promotes neural plasticity (Benington and Frank, 2003) and plasticity requires dynamic morphological changes (Yang et al., 2009; Kasai et al., 2010) . Extensive cytoskeletal changes in all experimental groups were demonstrated (Fig. 6) . Several major components of the cytoskeleton are influenced (e.g., actin and tubulin) while a huge repertoire of other proteins are mainly associated with the precise regulation of the cytoskeletal structure or related to the transport mechanisms along the cytoskeleton. It should be noted that certain proteins are already revealed as potential regulators of synaptogenesis and the structure of existing synapses (Tables 1-4, and Fig. 8) . A general decrease was also found in the levels of cytoskeletal and motility-related proteins in the parietal cortex of SD compared to undisturbed rats (Table 1) , supporting an inhibited structural remodeling of synapses due to sleep deprivation.
Another hypothesis of sleep function is the "free radical flux theory" which raises that sleep is initiated by free radical level increase, and sleep has a function to eliminate them (Reimund, 1994; Ikeda et al., 2005) . The most oxidative stress response-related proteins were found in the parietal cortex of RS group animals, (n = 9, Fig. 6 ) among which 7 protein showed level increase. This is in agreement with previous examinations and theories, that concluded antioxidant responses after sleep deprivation, as a consequence of the higher metabolic rate related to prolonged wakefulness (Reimund, 1994 ; Brown and Naidoo, Ramanathan et al., 2010; Ramanathan and Siegel, 2011) . This result draws attention on a high level of impairment in the oxidative homeostasis which is even more pronounced later after sleep deprivation termination. It is also important to note that besides the defending role of these enzymes, some of them might be involved in synaptic plasticity, due to the fact that reactive oxygen species can serve as messenger molecules in processes leading to altered synaptic transmission -as described in the case of nitric oxide or superoxide (Böhme et al., 1993; Knapp and Klann, 2002) . There is a hypothesis of sleep function presuming that macromolecule synthesis is generally enhanced in sleep to restore the decreased levels of macromolecules in waking (Mackiewicz et al., 2007; Ramm and Smith, 1990) . The majority of protein synthesis-and folding related-proteins showed increased levels in the parietal cortex of SD group (n = 7) (Table 1), but in the thalamus, most of the proteins categorized in this group showed opposite direction changes in SD (n = 6) ( Table 2 ). The long-term effects of sleep deprivation (RS group) caused bidirectional changes in protein synthesis-related proteins. We have also identified a set of proteins possessing chaperone function necessary for the proper folding of the newly synthesized proteins, and notably, for the proper construction of macromolecular assemblies. These proteins might be associated with the restorative function of sleep (Tables 1-4) .
The role of SD and RS protein changes related to synaptic plasticity
Since one of our main aims was to ask whether the uncovered proteomic changes support the synaptic homeostasis hypothesis (Tononi and Cirelli, 2014) , we are discussing that issue. The hypothesis is based on the assumption that the net synaptic strength increases in waking and, in turn, in sleep deprivation, while decreases in sleep. In other words, it claims that waking saturates synaptic plasticity, which is desaturated in sleep. The saturation of synaptic plasticity may weakens learning ability, thus synapses became rigid, which can explain the sleep deprivation-induced impairments in memory consolidation (Stickgold, 2005) . The theoretical speculation on synaptic reorganization in sleep and waking predicts that synapses are extensively rebuilt during the sleep-wake cycle depending mostly on the duration of waking and the experiences received during it. Our proteomics study uncovered that a large group of altered proteins are linked directly to synaptic strength regulation and plasticity via their influence on e.g., synaptic vesicle recycling and synaptogenesis (Fig. 8) .
All of these proteins participate in various aspects of plasticity in the synaptic machinery. The highest number of synaptic plasticity-related proteins were affected by the long-term influence of sleep deprivation (RS group) in the parietal cortex (Fig. 8) . This data points out also that synaptic reorganization is not only apparent 16 h after an 8 h long sleep deprivation, but even more widespread at this time than immediately after the deprivation procedure. Therefore, extensive molecular alterations, predicted by the synaptic homeostasis hypothesis, can be verified. 
Conclusions
Subcellular enrichment technique for the investigation of synaptic protein level alterations induced by the short-and long-term effects of sleep deprivation revealed that the synaptic molecular machinery is extensively impaired. Our results suggest that sleep has a very complex role at the synaptic level, such as the restorative, homeostatic, and plasticity-enhancing functions that is reflected by the detectable changes in synaptic proteome. Therefore, sophisticated alterations of the synaptic protein machinery during sleep are possible which could improve its printability (plasticity) and enhance its stability at the same time. We revealed that sleep deprivation more extensively influences the parietal cortex than the thalamus, and its long-term effects on the molecular level are remarkable -might be due to the recovery sleep period. The most important conclusion is that the revealed widespread synaptic proteome changes support the synaptic homeostasis hypothesis of sleep.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mcn.2017.01.002.
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